We reported an investigation of GeSn-based p-i-n photodetectors (PDs) with a Ge 0.92 Sn 0.08 active layer grown on n-type Si (100) substrate using molecular beam epitaxy (MBE). The GeSn photodetector achieved a wide spectrum detection whose cutoff wavelength can reach to 2.3 μm. The PDs exhibited a high performance near 2.0 μm with a responsivity of 93 mA/W and a dark current of 171 μA under a reverse bias of 1 V at room temperature. This work represented a promising technology to develop Si-based short-wave infrared (SWIR) photodetectors.
Introduction
Imaging in the short-wave infrared (SWIR) has attracted increasingly more attention in recent years. The SWIR wavelength from 1.4 μm to 3 μm responds primarily to the reflected light from objects, making objects easily recognized under weak visible light [1] . Imaging in the SWIR offers potential benefits such as imaging reflected star light at wavelength of 1.7 μm [2] and detection for CO 2 in both soil and air at wavelength of 2 μm [3] - [5] . In addition, hyperspectral remote sensing in SWIR has wide applications, such as mineralogy [6] , environment [7] , agriculture [8] and so on. The most appropriate materials for SWIR photodetectors are InGaAs and HgCdTe. However, the difficulties for focal-plane arrays (FPAs) fabrication limit these technologies' development and wide application. For example, InGaAs based photodetectors have to be bonded to silicon readout integrated circuits (ROICs) [9] , and the mismatch of thermal expansion coefficients between the III-V PD and Si ROIC results in a low thermal cycle reliability [10] . Fortunately, Ge 1−x Sn x alloy with tunable direct bandgap from 0.8 eV to 0 eV has great potential in developing Si-based SWIR photodetectors, and this all group IV compound is totally compatible with the existing Si complementary metaloxide semiconductor (CMOS) fabrication process. High-quality Ge 1−x Sn x film has been grown using chemical vapor deposition reactors (CVD) [11] , molecular beam epitaxy (MBE) [12] , and magnetron sputtering epitaxy [13] , and PDs have also been fabricated through CMOS-compatible technology. As reported by many research groups, there are two kinds of GeSn photodetectors: p-i-n structure and photoconduction (PC) structure. An overview of the reported results is given in Fig. 1 . Characteristics of GeSn photodetectors taken from different groups. The icons in blue, red, and green represent the GeSn alloy grown by CVD, MBE, and magnetron sputtering epitaxy, respectively. The solid icons indicate the devices fabricated on Si substrate, while the hollow ones correspond to Ge substrate. (The dark current densities of [19] and [21] are estimated values referred to [22] .) Fig. 1 . Pham et al. [19] and Gassenq's group [21] reported photoconductive photodetectors with a cutoff wavelength of 2400 nm, and the GeSn layer was epitaxied on Si substrate by CVD reactor. However, the PC photodetectors are unlikely to achieve a low level of dark current and a high performance of radio frequency (RF) response. These disadvantages limit the development of PC photodetectors in the field of weak light detection and high speed imaging.
In this paper, we reported the fabrication and characterization of p-i-n photodetectors with a high quality Ge 0.92 Sn 0.08 intrinsic layer and a p-type Ge 0.94 Sn 0.06 layer grown on n-type Si substrate by the MBE process. The GeSn films were deposited on tensile strain Ge buffer in order to relieve compressive strain introduced by lattice mismatch. The results show that the GeSn p-i-n PDs have a wide spectral response covering most of the SWIR wavelength, and a high responsivity at 2.0 μm is achieved. Compared with other reported results, this work is likely to achieve a better sensitivity by improving the optical response and decreasing the dark current density, as shown in Fig. 1 .
Material Growth and Device Fabrication
The samples were grown on a 4-inch n-type Si (100) wafer (ρ = 0.002 cm) using solid source molecular beam epitaxy. The structure consists of a) a 100 nm-thick low temperature (LT) and a 200 nm-thick high temperature (HT) Ge buffer, followed by cycle annealing between 900°C and 600°C five times [24] ; b) a 300 nm-thick Ge 0.92 Sn 0.08 layer grown at 180°C; and c) a 200 nm-thick Ge 0.96 Sn 0.06 cap layer grown at 180°C. Before device fabrication, the boron (B) ions were implanted on the top of Ge 0.94 Sn 0.06 layer with energy of 20 KeV and dose of 1.5 × 10 15 cm −2 and were annealed at 300°C for 30 seconds in an N 2 atmosphere to form p + -type Ge 0.94 Sn 0.06 . Devices were then fabricated using photolithography and Cl 2 /BCl 3 /Ar-based inductively coupled plasma (ICP) etching. The surface was covered by 650 nm-thick SiO 2 deposited using plasma-enhanced chemical vapor deposition (PECVD). Thirty nm-thick Ni and 800 nm-thick Al were deposited by electron beam evaporation to form metal contact for both GeSn alloy and Si substrate. The schematic cross section of GeSn p-i-n PD is shown in Fig. 2 .
The strain of the layers and the Sn content in the Ge 1−x Sn x film layers are determined by highresolution X-ray diffraction (HR-XRD) measurements in both (004) and (224) ω − 2θ scanning. As shown in Fig. 3(a) , the minimum full width at half maximum (FWHM) around (004) of intrinsic Ge 0.92 Sn 0.08 layer and Ge buffer are 0.09°and 0.11°, respectively. In addition, the structural scanning transmission electron microscopy (STEM) image of the epitaxial layers is also shown in Fig. 3(b) . The crystal constant of bulk Ge 1−x Sn x material (a GeSn ) can be calculated using modified version of Vegard's law: a GeSn = a Ge (1 − x) + a Sn x + bx(1 − x), where b is the bowing parameter, which is 0.041Å [25] , and a Ge = 5.6587Å and a Sn = 6.4982Å are the bulk lattice constants for germanium and α-tin, respectively. The in-plane (a |l ) and out-of-plane (a ⊥ ) lattice constants can be calculated from HR-XRD scanning. Then, the relaxed lattice constant of GeSn is determined by a GeSn = (a ⊥ +2 a |l /μ)/(1 + 2 μ), where μ = C 12 /C 11 is the ratio of two elastic constants which can be obtained by a liner interpolation between the ratio of Ge and Sn. The results are shown in Table 1 . The Ge buffer contains a biaxial tensile strain of 0.1973% due to the different thermal expansion coefficient between Si and Ge [26] . This tensile strain can partially relieve compressive strain in upper GeSn layer, which extents the PDs cutoff wavelength. The degree of strain relaxation (R) of Ge 0.92 Sn 0.08 layer is about 12%, indicating that the Ge 0.92 Sn 0.08 active layer is highly strained. This is result from the high quality interface between Ge buffer and Ge 0.92 Sn 0.08 layer, which is consistent with the high-resolution TEM image shown in Fig. 3(d) .
Result and Discussions
The dark current and photocurrent of the GeSn photodetectors are measured by an Agilent B1500A Semiconductor Device Analyzer at room temperature. The optical response of the PD with a 90 μm-diameter mesa is obtained using a 1310 nm laser, a tunable laser (1440 nm-1640 nm), and a 2000 nm laser. The light to top of the device propagates through a single-mode lensed fiber. Spectral response of GeSn PD under a zero operating voltage is measured by a Nicolet 6700 Fourier transform infrared spectrometer (FTIR) with a KBr beam splitter and glow-bar source.
A commercial InGaAs PD is tested for calibrating the spectrum responsivity. As shown in Fig. 4(a) , the dark current for device with 90 μm-diameter mesa is 171 μA at a reverse bias of 1 V, which is comparable with other reported values [20] , [27] , [28] . Generally speaking, the dark current rises up with increasing Sn content. It is due to (a) the misfit dislocations at the GeSn/Ge and Ge/Si interface; (b) threading dislocations in epitaxy GeSn alloy introduced from Ge buffer; and (c) raising of the intrinsic carriers owing to direct bandgap narrowing. The fabrication process can also bring about large surface leakage current, which can be reduced by Si passivation, as reported by Dong [17] . The inset shows the responsivity versus the applied voltage at a wavelength of 2000 nm. A high value of 93 mA/W is achieved under a reverse bias of 1 V, which is the maximum for a Si-based GeSn p-i-n photodetector as so far.
The spectral response of the GeSn PD is measured using FTIR spectrometer under zero bias at room temperature. As shown in Fig. 4(b) , the trend of spectral response agrees well with that measured by tunable laser and special lasers. The response of GeSn PD continuously declines until wavelength of 1640 nm, which is corresponding to direct bandgap of tensile strain Ge (0.767 eV). The simulation of the energy band structure will be discussed later. As the wavelength increases further, the PD's response remains the same, which is attributed to the absorption of Ge indirect band gap and GeSn layers. Then, the optical response continuously decreases, and eventually, the spectral response achieves a cutoff wavelength at 2.3 μm.
To analyze the PD's spectral response, we consider that the energy bandgap of Ge 1−x Sn x alloy is adjusted by both biaxial strain and Sn content which was put forward by Van de Walle [29] . Average energy of germanium valence band is set as zero-point energy, and that of α-tin is 0.69 eV [30] . The film volume variation under strain depends on V/V = 2ε |l + ε ⊥ = 2(1 − C 12 /C 11 )(a |l /a − 1), where ε and ε ⊥ are the in-plane strain and out-of-plane strain, respectively. Then the change of average energy can be obtained by E v,av = a v ( V/V), where a v is the hydrostatic potential for the valence band. The strain of Ge and GeSn layer can relieves the valence band spin degeneracy, then the energy of both heavy-hole and light-hole band can be calculated by the following equations:
(1)
where 0 is the energy of spin-orbit splitting band. In these equations, δE 100 equals 2b(a ⊥ −a |l )/a, and b is the shear deformation potential for a strain of tetragonal symmetry. The bottom energy of conduction band (E c ) can be obtained from the sum of E v , E g , and E c . The energy of bandgap (E g ) is determined by E g = E g,Ge (1 − x) + E g,Sn x + b GeSn x(1 − x) , where b GeSn is the energy bowing parameter. The above equations can also be applied to both -valley and L-valley of conduction band. The parameters of GeSn alloy are obtained by linear interpolation, and Table 2 shows these parameters of bulk Ge and α-Sn, respectively. Thus, for the active Ge 0.92 Sn 0.08 layer under 0.95% compress strain, the calculated direct bandgap between -valley of conduction band and heavyhole band is 0.543 eV, which agrees well with the measured spectral response edge around 2.3 μm (0.539 eV).
Conclusion
In summary, we have designed and fabricated a Si-based GeSn p-i-n photodetectors. A highquality Ge 0.94 Sn 0.06 /Ge 0.92 Sn 0.08 film was epitaxied on n-type Si (100) substrate MBE. The GeSn PD was fabricated by implementing a CMOS-compatible technology. The photodetector with a 90 μm-diameter mesa exhibited a high responsivity of 93 mA/W and a dark current of 171 μA at a reverse voltage of 1 V for the wavelength of 2.0 μm at room temperature. The spectral response measured by FTIR spectrometer showed a wide photodetection spectrum with a cutoff wavelength at 2.3 μm, covering most of the range of SWIR. The results indicate that the Ge 0.92 Sn 0.08 PIN detector has a bright future, and it will be a prospective application in the SWIR field.
